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Abstract—Recently, full-duplex (FD) communications with si-
multaneous transmission and reception on the same channel
has been proposed. The FD receiver, however, suffers from
inevitable self-interference (SI) from the much more powerful
transmit signal. Analogue radio-frequency (RF) and baseband,
as well as digital baseband, cancellation techniques have been
proposed for suppressing the SI, but so far most of the studies
have failed to take into account the inherent nonlinearities of
the transmitter and receiver front-ends. To fill this gap, this
article proposes a novel digital nonlinear interference cancellation
technique to mitigate the power amplifier (PA) induced nonlinear
SI in a FD transceiver. The technique is based on modeling
the nonlinear SI channel, which is comprised of the nonlinear
PA, the linear multipath SI channel, and the RF SI canceller,
with a parallel Hammerstein nonlinearity. Stemming from the
modeling, and appropriate parameter estimation, the known
transmit data is then processed with the developed nonlinear
parallel Hammerstein structure and suppressed from the receiver
path at digital baseband. The results illustrate that with a
given IIP3 figure for the PA, the proposed technique enables
higher transmit power to be used compared to existing linear
SI cancellation methods. Alternatively, for a given maximum
transmit power level, a lower-quality PA (i.e., lower IIP3) can
be used.
I. INTRODUCTION
FULL-DUPLEX communications using the same carrierfor simultaneous transmission and reception has long
been considered impossible due to the high self-interference
(SI) from the transmitter to the receiver path. Recently, sev-
eral research groups have experimentally demonstrated that,
by utilizing various radio-frequency and digital baseband SI
cancellation techniques, FD communications may indeed be
possible with transmit powers in the local area communica-
tions (e.g. WiFi) range (≤ 20 dBm) [1]–[7].
In [8], it was found that the nonlinear self-interference due
to power amplifier (PA) nonlinearity may become a bottleneck
in FD communications with higher transmit powers. Even
though the transmit-receive antenna isolation and many RF
SI cancellation techniques attenuate the PA-induced intermod-
ulation distortion, such nonlinear SI can still be higher than
The research work leading to these results was funded by the Academy
of Finland (under the projects #259915, #258364 ”In-band Full-Duplex
MIMO Transmission: A Breakthrough to High-Speed Low-Latency Mobile
Networks”), the Finnish Funding Agency for Technology and Innovation
(Tekes, under the project ”Full-Duplex Cognitive Radio”), the Linz Center
of Mechatronics (LCM) in the framework of the Austrian COMET-K2
programme, and Emil Aaltonen Foundation.
the weak received signal and prevent successful detection [8].
So far, only one of the digital SI cancellation techniques in
the literature has considered these nonlinear effects explicitly
[6].1 The purpose of this article is to study the effects of
PA nonlinearity on received signal quality, in full duplex
transceiver context, with various amounts of RF cancella-
tion (passive+active) and linear digital SI cancellation, and
to propose a novel nonlinear SI cancellation technique to
mitigate such nonlinear effects. The proposed technique can
be utilized in digital baseband or digitally-assisted analog SI
cancellation. We demonstrate the performance improvements
with full waveform simulations, showing that with typical RF
front-end and signal parameters, up to 10 dB higher transmit
power can be used without degrading the receiver signal-to-
interference-plus-noise ratio (SINR) by using the proposed
nonlinear SI cancellation technique instead of traditional lin-
ear SI cancellation. Alternatively, assuming some maximum
transmit power level, utilizing the proposed technique enables
using a PA with a lower IIP3 figure.
The rest of this paper is organized as follows. In Section II,
the challenges presented by a nonlinear PA in the context
of full-duplex transceivers are discussed. In Section III, the
proposed nonlinear digital SI cancellation algorithm is pre-
sented. Then, in Section IV, the performance of the proposed
algorithm is evaluated with waveform simulations. Finally, the
conclusions are drawn in Section V.
II. PA NONLINEARITY CHALLENGE IN FD TRANSCEIVER
The assumed FD transceiver model is shown in Fig. 1. In
this device, separate transmit and receive antennas provide
natural isolation between the transmitter and receiver paths,
and it is the basic FD transceiver model assumed in most of the
existing literature [4], [5]. A notable exception is [1], where a
single-antenna device is assumed along with a circulator based
isolation structure to provide passive cancellation of up to 40–
45 dB over an 8 MHz band. However, the chosen FD model
with separate transmit and receive antennas does not limit the
applicability of the proposed techniques to this structure only,
but the techniques can be applied in circulator based single-
antenna FD devices as well.
1In [6], a similar model as the one proposed in this article, was used to
model the cascade of the PA and the multipath SI channel. This work was
unavailable at the time of submission of our original manuscript.
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Fig. 1. A block diagram of the assumed full-duplex direct-conversion transceiver.
In general, there can be four levels of SI cancellation in a
FD device:
1) Passive SI mitigation; the antenna isolation between
transmit and receive antennas in a separate-antenna FD
device, or the circulator isolation in a shared-antenna FD
device
2) Active spatial SI mitigation, i.e., beamforming in multi-
antenna FD devices
3) Active analog cancellation; SI cancellation in analog RF
or baseband using the transmit signal as a reference
4) Active digital cancellation; suppression of the residual
SI with digital signal processing
The state-of-the-art passive cancellation techniques, uti-
lizing antenna design and placement techniques [2]–[5], or
circulator design [1], can yield up to 40–45 dB of cancellation.
Active RF cancellation can give an extra 25–45 dB of SI
cancellation, depending on the implementation [1]–[6], thus
bringing the maximum achievable analog cancellation to the
range of 65–90 dB. Up to this point the attenuation is the same
for the linear and the nonlinear SI term. Then, digital baseband
cancellation has been shown to bring another 20–30 dB of at-
tenuation, at best [2], [3], [5]. However, the digital cancellation
techniques reported up to now have only considered linear SI,
thus relying on fully linear signal processing. In the following,
we first show with simple system power calculations that
under realistic radio front-end and signal parameters from
LTE user equipment, these cancellation levels are not enough
to attenuate the power amplifier induced nonlinearities below
the noise floor at higher transmit power levels. Motivated by
this, we then propose novel nonlinear digital self-interference
cancellation methods to suppress such distortion below the
noise floor in Section III.
Table I shows the baseline parameters of the transceiver
used for the motivating system calculations, and also for the
simulations. For the system calculations example, we assume
40 dB of passive cancellation, 30 dB of active analog can-
cellation, and a variable amount of linear digital cancellation
to keep the linear SI term below the thermal noise floor at
all power levels. These are somewhat optimistic assumptions,
because for example the amount of achievable digital linear
cancellation depends very much on the quality of the SI
channel estimates, which in turn are affected greatly by the
levels of nonlinear SI as well as thermal and quantization
noise. The power level of the actual received signal of interest
is assumed to be 5 dB above the sensitivity level in the
following calculations. In addition, an automatic gain control
algorithm is assumed to be tuning the gain of the VGA to
match the dynamic range of the signal to the dynamic range
of the analog-to-digital converter (ADC).
Fig. 2 shows the powers of the different signal and inter-
ference terms at the detector input of the receiver. Despite the
somewhat optimistic assumptions, the nonlinear SI, stemming
from the PA nonlinearity, becomes the most powerful interfer-
ence term already with transmit power of 14 dBm. With more
realistic passive isolation and RF cancellation figures, the PA-
induced nonlinear self-interference would be emphasized even
further. Details of the analysis technique can be found from
[8].
III. NONLINEAR SELF-INTERFERENCE CHANNEL
MODELING, ESTIMATION AND CANCELLATION
A. Baseband nonlinear self-interference channel model
We denote the original digital baseband transmit signal by
xn. For discrete-time baseband modeling of the nonlinear PA,
we assume the widely-deployed parallel Hammerstein (PH)
model, given as
xPAn =
P∑
p=1
p odd
M−1∑
k=0
fp,kψp(xn−k), (1)
where the basis functions are defined as ψp(xn) = |xn|p−1xn,
fp,n are FIR filter impulse responses of the PH branches, M
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Fig. 2. An example plot of the power levels of the different signal components
at receiver chain detector input with respect to transmit power.
TABLE I
THE PARAMETERS OF THE FULL-DUPLEX TRANSCEIVER.
Parameter Value
SNR requirement 10 dB
Bandwidth 12.5 MHz
Receiver noise figure 4.1 dB
Sensitivity -88.9 dBm
Received signal power -83.9 dBm
Antenna separation 30/40/50 dB
RF cancellation 30 dB
ADC bits 12
ADC voltage range 4.5 V
PAPR of the TX/RX waveform 10 dB
PA gain 20 dB
PA IIP3 15 dBm
PA 1 dB compression point 24.5 dBm
denotes the memory length, and P denotes the nonlinearity
order of the PH model [9]–[11]. The PH model has been shown
to be a versatile tool for direct as well as inverse modeling of
power amplifiers [9]–[12].
The multipath SI channel between TX and RX antennas
is modeled with an FIR filter hn. RF cancellation aims to
mitigate the main component of the multipath SI channel.
To model possible frequency-dependency in the RF canceller
path, due to for example delay mismatch or using an actual
multitap RF canceller [6], [13], we model the RF SI canceller
response also with an FIR filter an operating on xPAn . The
received self-interference signal after the RF SI canceller
can then be written as (with the nominal propagation delay
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Fig. 3. A block diagram illustrating the transceiver modeling and the
proposed canceller structure.
removed)
xSIn = hn ? x
PA
n − an ? xPAn
=
P∑
p=1
p odd
M−1∑
k=0
((hk − ak) ? fp,k)ψp(xn−k)
=
P∑
p=1
p odd
M2∑
k=−M1
f¯p,kψp(xn−k). (2)
Here, f¯p,k denote the effective model coefficients of the overall
nonlinear SI channel, and M1 and M2 are the non-causal and
causal memory depths of the model, respectively. Therefore,
the overall SI signal model, comprising of the nonlinear PA,
the multipath SI channel, and the RF canceller, can also be
expressed as a parallel Hammerstein model.
Despite the nonlinear nature of the model, it is linear in
the parameters f¯p,k, thus facilitating efficient estimation with,
for example, linear least-squares methods. Notice also that the
PH nonlinearity can model perfectly a variety of other PA-
plus-channel models as well, for example the cascade of a
polynomial nonlinearity and an LTI system, or the cascade of
a Hammerstein nonlinearity and an LTI system, in addition to
modeling the cascade of a PH nonlinearity and an LTI system.
Therefore, choosing the PH nonlinearity as the cascade model
is well justified in this sense also.
B. Digital SI canceller parameter estimation
The objective is now to estimate the parameters f¯p,k based
on the above SI signal model, and then to regenerate the
SI signal and subtract it from the overall received signal at
digital baseband. A block diagram of the overall nonlinear SI
channel, its modelling, regeneration, and digital cancellation is
shown in Fig. 3. There, the different branches, corresponding
to nonlinear terms of different order, can be seen, alongside
with the coefficients f¯p,n. The total received signal before
digital cancellation is now given as
xRFn = sn + wn + x
SI
n , (3)
where sn is the actual received signal of interest, wn is
the additive noise component, and xSIn is the received self-
interference signal whose model was given in (2). Stemming
from the previous modeling, the output of the digital SI
canceller is given as
sˆn = x
RF
n − xˆSIn , (4)
with the self-interference estimate xˆSIn given as
xˆSIn =
Pc∑
p=1
p odd
Mc2∑
k=−Mc1
ˆ¯fp,kψp(xn−k). (5)
Here, Pc is the nonlinearity order, and Mc1 and Mc2 are
the non-causal and causal memory depths of the digital SI
canceller.
To derive the estimator for f¯p,k, we first write vector
representations of the relevant formulae with L observed
samples of xRFn :
xRF = Ψf¯ + s + w, with
xRF
def
=
[
xRFn x
RF
n+1 · · ·xRFn+L−1
]T
f¯
def
= [ f¯1,−Mc1 ··· f¯1,Mc2 f¯3,−Mc1 ··· f¯Pc,−Mc1 ··· f¯Pc,Mc2 ]
T
Ψ
def
=
[
Ψ1 Ψ3 · · · ΨPc
]
Ψp =

ψp(n+Mc1) ψp(n+Mc1−1) ··· ψp(n−Mc2)
ψp(n+Mc1+1) ψp(n+Mc1) ··· ψp(n−Mc2+1)
...
...
. . .
...
ψp(n+Mc1+L−1) ψp(n+Mc1+L−2) ··· ψp(n−Mc2+L−1)

The least-squares estimator is then derived as the vector f¯
which minimizes the power of the digital SI canceller output
sˆn, treating the received signal of interest sn as noise, as
ˆ¯fLS = arg min
f
∥∥xRF − xˆSI∥∥2 = arg min
f
∥∥∥xRF −Ψˆ¯f∥∥∥2 .
Assuming full column rank in Ψ, we obtain the well-known
solution
ˆ¯fLS = (ΨHΨ)−1ΨHxRF .
The basis matrix Ψ is known inside the device, so the es-
timation can be performed during actual data transmission, or
by using embedded pilot signals within the data frame. In the
latter case the calculation of the pseudoinverse (ΨHΨ)−1ΨH
can be performed a priori and stored, therefore reducing the
real-time computational load. Adaptive estimation techniques,
for example using the recursive LS (RLS) algorithm, usually
avoid the matrix inversion, and are therefore practically more
appealing compared to the above block LS solution when
actual transmit data is used for estimation. These are straight-
forward to derive based on adaptive filter theory literature (e.g.,
[14]) and are left to the reader.
TABLE II
ADDITIONAL PARAMETERS FOR THE WAVEFORM SIMULATOR.
Parameter Value
Constellation 16-QAM
Number of subcarriers 64
Number of data subcarriers 48
Guard interval 16 samples
Sample length 15.625 ns
Symbol length 4 µs
Signal bandwidth 12.5 MHz
Oversampling factor 4
PA memory length 6
K-factor of the SI channel 35.8 dB
SI channel length 5
IV. NUMERICAL RESULTS AND ANALYSIS
In this Section, we perform full waveform simulations of
the whole full-duplex transceiver with Matlab/Simulink to test
and analyze the proposed nonlinearity model and its estimation
and cancellation. The transceiver parameters are the same as
in the system calculation example in Section II. The simulated
transmit and receive waveforms are OFDM signals with the
parameters given in Table II. The SI coupling channel between
TX and RX antennas is modeled as a FIR filter, including
the main path plus four multipath components. The power
difference between the main component and the multipath
components (K-factor) is approximately 36 dB [15]. In the
simulations, RF cancellation is implemented by subtracting
the transmitted signal from the received signal with a small
amplitude and phase mismatch such that the specified amount
of total SI power reduction is obtained. For the PA, a Wiener
model is used, which means that the model consists of a
cascade of a 5th-order FIR filter modeling the memory effects
and a polynomial modeling the actual nonlinear behaviour.
Since there is a LTI channel at the input of the nonlinearity,
the parallel Hammerstein model is not able to perfectly model
the PA, and there will inherently be some residual SI due to
a model mismatch.
In this paper, the used figure-of-merit is the SINR of the
detector input signal. The PH nonlinear channel model has
nonlinearity order 5, and the filter lengths of the PH model
are 5 for all the branches. Furthermore, 10 OFDM symbols, or
3200 samples, are used for their estimation in each realization.
For estimating the linear SI channel only, normal linear least-
squares estimation is employed with the same number of
samples and the same filter length.
Figure 4 shows the SINR vs. transmit power when only
linear SI cancellation is employed, and when the proposed
nonlinear SI cancellation structure is used. Both of these
curves are plotted for three different values of antenna sep-
aration. The proposed nonlinear technique allows using ap-
proximately 10 dB higher transmit power than with linear SI
cancellation, regardless of the amount of antenna separation.
Furthermore, with antenna separation of 50 dB, the nonlinear
SI cancellation technique achieves the same fidelity as without
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any SI up to a transmit power of 20 dBm. Thus, the proposed
technique allows extending the operating range of the device in
a significant manner. Furthermore, considering that the number
of samples used for the estimation is only 3200, this is a
promising result.
The achieved amounts of digital SI attenuation, correspond-
ing to Fig. 4, are shown in Fig. 5. Here, the amount of achieved
digital cancellation is defined as the decrease in the power of
the total SI signal in the digital domain. It can be observed
that in the linear operating region of the PA, a higher amount
of digital cancellation is achieved with linear processing, as a
lower number of parameters has to be estimated than with non-
linear processing, which suffers from over-parameterization.
Taking a look back at Fig. 2, this behavior is natural since the
power of the nonlinear distortion is well below the thermal
noise floor with these lower transmit powers. However, as
the transmit power increases, the power of the PA-induced
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nonlinear distortion becomes more significant, and the gain
achieved by performing nonlinear SI cancellation increases.
The point at which nonlinear SI cancellation becomes more
beneficial than linear cancellation depends on the amount
of analog SI attenuation. With very high transmit powers,
the amount of achievable SI supression with the proposed
nonlinear SI cancellation algorithm starts decreasing due to
the quantization noise floor and model mismatch. The latter
is caused by the difference between the considered Wiener
PA model, and the parallel Hammerstein model used for
estimating the nonlinearity coefficients.
Figure 6 illustrates SINR vs. IIP3 of the PA, again with
three different values of antenna separation. The purpose is to
find out whether a lower-quality PA with a lower IIP3 figure
could be used if nonlinear SI cancellation is employed. In these
simulations, the value of the 1 dB compression point is always
chosen as 9.5 dB higher than the IIP3 figure. Fig. 6 confirms
that a less linear PA can indeed be used with the proposed
nonlinear SI cancellation algorithm, by demonstrating up to 15
dB reduction in IIP3 compared to using linear SI cancellation
only. With higher values for antenna separation, it is possible
to achieve the ideal SINR of 15 dB even with an IIP3 figure
of 14 dBm when using the proposed nonlinear SI cancellation
algorithm. With linear processing, this is not possible, as can
be observed from Fig. 6. However, it is important to note that
usually the linearity requirements for the PA are also set by the
spectrum emission standards, and thus it might not be possible
to decrease the IIP3 figure beyond a certain point.
The corresponding amount of achieved digital cancellation
is shown in Figure 7. It can be observed that the amount of
antenna separation does not significantly affect the achievable
digital SI attenuation with a transmit power of 20 dBm.
Furthermore, with a less linear PA, the difference between the
performances of linear and nonlinear cancellation algorithms
is fairly large. However, as the linearity of the PA improves,
the differences in the achieved digital SI attenuation decrease.
V. CONCLUSION
This article studied the effects and digital cancellation of PA
induced nonlinear self-interference in full-duplex transceivers.
It was first shown through transceiver system power calcula-
tions in a LTE uplink-like scenario that the PA nonlinearities
are a significant problem with transmit powers exceeding
about 10 dBm. A nonlinear digital self-interference cancel-
lation technique was then proposed to handle both the lin-
ear and nonlinear self-interference simultaneously. Waveform
simulations demonstrated the proposed canceller’s ability to
extend the usable transmit power range by at least 10 dB,
or alternatively, to make it possible to use a lower-quality
PA in the transmitter. This is seen as a major step ahead
towards practical deployment of full-duplex radio communi-
cations with practical low-cost RF circuits, and in particular,
with practical nonlinear power amplifiers. As future work, we
will consider implementing an actual full-duplex transceiver
with a typical nonlinear PA, and evaluate the performance
of the proposed digital cancellation algorithm under realistic
conditions.
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